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demonstrates the limitations of morphological interpretations made from 2D images, 23 especially when similar-looking landforms can form by very different processes. To 24 overcome this we have devised a parametrization scheme, based on statistical discriminant 25 analysis and hydrological terrain analysis of meter-scale digital topography data, which can 26 distinguish between dry and wet surface processes acting on a landscape. Applying this 27 approach to new meter-scale topographic datasets of Earth, the Moon and Mars, we 28 demonstrate that martian gullied slopes are dissimilar to dry, gullied slopes on Earth and the 29
Moon, but are similar to both terrestrial debris flows and fluvial gullies. We conclude that 30 liquid water was integral to the process by which martian gullies formed. Finally, our work 31
shows that quantitative 3D analyses of landscape have great potential as a tool in planetary 32 science, enabling remote assessment of processes acting on planetary surfaces. 33 identified as analogues to martian gullies by some authors, yet these exist on airless bodies 48 where erosion by traditional low-viscosity fluids is unlikely and whose surfaces are almost 49 certainly completely dry. Hence, dry mass-wasting has been considered a potential formation 50 mechanism for martian gullies. Some of the recent modifications observed in martian gullies, 51
including new deposits and channel formation, have been found to occur at the time of year 52 when CO 2 frost is subliming (Dundas et al. mobilized by CO 2 gas-sublimation under martian conditions but, unless there is a confining 57 (Pilorget and Forget, 2016) on the flow, it rapidly converts from a gas-supported to a 58 simple granular flow. Hence, we consider the visually-similar, gully-like granular flows 59 observed on the Moon as suitable analogues for this process. We also consider mass-wasting 60 deposits on Earth, in which water likely played a very minor role, as possible analogues for 61 this process. 62 Here we go beyond plan-view comparisons of morphology, such as those illustrated 75 inFig. 1, by examining the three-dimensional properties of terrestrial, lunar and martian 76 gullies. The inspiration for this study came from the delimitation of process-domains from 77 digital elevation models of fluvial catchments on Earth. Montgomery and Foufoula-Georgiou 78 (1993) calculated upslope drainage area and local slope for elevation data-pixels within 79 fluvial catchments and showed that these properties follow a specific pattern in log-log space 80 that depends on which processes were active in the catchment. They included process 81 domains for fluvial and debris flow processes. We have further developed this approach by 82 including other terrain attributes that can discriminate between processes such as cumulative 83 area distribution, area distribution and 25 m downslope index, and by including dry granular 84 flows (rockfalls, ravel and dry mass wasting) as an end-member process. Such hydrological 85 analyses are not typically performed at the scale of the martian gullies (i.e. <5 km) because 86 the data were not historically available. In an earlier study (Conway et al., 2011a) though, we 87
showed that a qualitative comparison of slope-area and cumulative area distribution plots 88 could discriminate between terrains dominated by debris flow, rockfall and fluvial processes 89 on Earth at this scale. In the current study, we find that differences are also apparent in area 90 distribution, and 25m downslope index plots, as illustrated in Fig. 2 Text and Table S2 for further details). to the first row are slope-area 98 plots, to the second cumulative area distribution plots, the third area distribution plots and the 99 fourth 25 m downslope index plots. The darker shades of the underlying points in the slope-100 area plots indicates a greater density of points. The dotted line in the slope-area plot is at 30° 101 slope the approximate minimum dry angle of repose. Some of the parameters listed in 102 Table 1 are marked as follows: (1) in the slope-area plots (top row) the purple triangles are 103
(from left to right): avslp_1_10, avslp_10_100 and avslp_100_1000; the green squares are: 104 left, slp10 and right, slp10_4; the red diamonds are mxslp and mxslpA, located at the 105 maxima, and mxfacslp located at the furthest right; the red line represents gradMax_all 106 vertically displaced for clarity, and the purple lines represent (from left to right), grad100_10 107 and grad100_1000 vertically displaced for clarity. (2) In the cumulative area distribution 108 plots (2 nd row from top), the purple square represents CAD50pc, the yellow triangle 109
CAD75pc and the red diamond maxArCAD. The green points represent a rotated cumulative 110 area distribution plot, made in order to calculate maxDCad, maxArCAD and areaUCad. In 111 order to rotate the cumulative area distribution plot as illustrated, we calculated the straight 112 line that connected the first and the last point, and then subtracted the y-value of this line 113 from every point in the plot. 
Hydrological analysis 119
The datasets used are fully described in the Supplementary Text, summarized in Tables S1 120 and S2. We followed the same approach as Conway et al. (2011a) in generating the terrain 121 attributes necessary for these analyses and a visual summary of these calculations is shown in 122 Figure S3 . In brief, we used the multi-123 into downslope neighbors in any direction (Tarboton, 1997) . From these non-integer flow 124 directions we calculated the (fractional) number of pixels located upstream of any given 125 pixel, from which we calculated the uphill drainage area (Fig. S3D ). Local slope (Fig. S3C ) 126 was calculated by taking the steepest of the eight triangular facets centered on the target pixel 127 (Tarboton, 1997) . The wetness index maps (Fig. S3A) were calculated by taking the natural 128 logarithm of the ratio of drainage area to slope, excluding pixels with zero slope. We also 129 130 is routed directly to a single downslope pixel, in one of the eight cardinal directions 131
. From the d8 flow directions we calculated the distance 132 downflow it is necessary to travel to achieve a given value of descent the downslope index 133 (Hjerdt et al., 2004) (Fig. S3F) . If the value of descent is fixed at or near the DEM resolution, 134 then the downslope index simply represents the steepest downstream slope. Conversely, if 135 values are chosen which are of the same vertical scale as the feature being studied (~500 m 136 for gullies), then within-feature detail is lost. We chose value of descent of 25 m, as a balance 137 between these two end-members. These manipulations were performed using the freely 138 available software packages TauDEM tools (Tarboton, 1997; Tesfa et al., 2011) and 139
WhiteboxGAT (Lindsay, 2005) . 140
Generating hydrological plots and parameters 142
The slope-area and cumulative area distribution plots were created following the method of 143 Conway et al. (2011a) . Briefly, the slope-area comprises the local slope and drainage area for 144 every pixel plotted in log-log space, and these data are put into 0.05 wide log-drainage-area 145 bins and for each bin the slope is averaged. Bins with less than 100 points are excluded to 146 avoid bias of the mean by outlying datapoints, an approach employed commonly in other 147 studies (e. 
Statistical analysis of terrain attributes 161
In order to analyze a given hillslope, we outlined the feature of interest from the upper 162 watershed boundary to the toe of the deposit-fan or lobes with the aid of hillshaded relief and 163 wetness index maps. All the pixels from the slope, drainage area, and 25m downslope index 164 grids that fell within these polygon outlines were extracted in order to create the slope-area, 165 cumulative area distribution, area distribution and 25m downslope index plots. We therefore extracted 28 parameters that we observed to vary with process from 181 inspection of the plots from our terrestrial sites, informed by trends noted in the literature. 182
Some of these parameters are highlighted in Fig. 2 . These include the slope of the trend in the 183 slope-area plot, the concavity of the cumulative area distribution plot, the skewness of the 184 area distribution and the number of peaks in the 25m downslope index plot; the full list of 185 parameters is given in Table 1 . Not all these parameters have a clearly describable physical 186 meaning, they were chosen only because they appeared to discriminate between process. 187
Using these 28 parameters, we performed canonical discriminant analysis 188 . Second, we grouped rockfall slopes on Earth with 218 lunar slopes and re-performed the analysis . We choose these specific 219 groupings, because these allowed us to create parameter space plots in which different 220 regions correspond to different gully-forming processes. We performed two analyses because 221 we wanted to confirm whether the inherent differences between the slopes with dry mass 222 wasting on the Earth (which are inevitably influenced by some water) and on the Moon 223 (which are completely dry) affected the process and thus the separation of the groupings. 224
Finally, we added the martian data onto these parameter spaces to see where they plotted. We 225 estimated the range of the adjustment to the martian data needed for reduced gravity 226
conditions. Due to the martian gully processes being unknown at this stage of the analysis, no 227 unequivocal gravity correction could be made, only an estimate of the range of possible 228 corrections (see Section 2.5). The effects of the range of possible corrections are shown as 229 lines extending from the martian gully data points in Fig. 3 . We also performed a sensitivity 230 analysis to test the robustness of our analysis, which is illustrated by the ellipses in Fig. 3 and  231 is fully detailed in the Supplementary Text and in Fig. S1 . 232 233 coefficients which make up the canonical functions A1, A2, B1 and B2 are given in Table 1 . 248 249
Gravity scaling 250
To account for the difference between terrestrial and martian gravity, a process has to be 251 assigned to a system in order to infer the effect on the landscape. The equations governing 252 that process can then be used to estimate the effect it has on the landscape. Here, we explain 253 our rationale for applying gravity scaling to (i) dry mass wasting, conditions in slope-area plots, for a given drainage area, should be +1/3. However, they did 280 not take into account the potential effects of g on the dimensional constants, which should 281 somewhat counteract this shift. Therefore in our analyses we take the shift of 1/3 as the 282 extreme value. 
where K is an erodibility coefficient, * is given by / ( s -) g D 50 and * c -288
Stress-like threshold dimensionless shear stress, where s is the density of the grains and D 50 289 is their modal size. In this case, because * has g in the denominator and in the numerator 290 (from Eq. 1), there is no effect on erosion rate of changing gravity. 291 292 The ratio of the bed shear stress (Eq. 1) to the critical shear stress (Eq. 3) is a constant given 311 by: 312 Bingham fluid with a Coulomb-like failure, and the granular part includes a shear stress term 320 similar to Eq. 1 and also a pore-pressure term. Takahashi (1981 Takahashi ( , 1978 proposed a model 321 -saturated inertial 322 grain flow, where again a Coulomb-like failure is included. Even in these more complex 323 cases a decrease in gravitation acceleration acts to decrease basal shear stress and never acts 324 to increase it, despite the exact influence being more complicated to calculate. 325
Under a steady-state, these erosion-rate laws can be converted into a change in local 326 slope. However, in ephemeral systems we have studied on Earth (and almost certainly gullies 327 on Mars are ephemeral), this assumption cannot be made. The erosion rate for both fluvial 328 and debris flow processes can depend on gravitational acceleration. In all cases, this acts to 329 increase the local slope for a given drainage area (as a proxy for discharge) on Mars 330 compared to Earth, even if an assumption of steady-state cannot be made. Hence we conclude 331 that in all cases the adjustment for gravity shown in Fig. 3 has to be in the direction indicated, 332
and is most likely to be at the lower end of the range indicated by the lengths of the lines. 333
In summary, for a cohesive bed (e.g., bedrock), cohesion dominates gravity, so 334 gravity scaling is required, but a non-cohesive bed, the shear stress required for erosion 335 depends upon the weight of individual particles, so the effects of gravity cancel out. We have 336 no a priori knowledge of whether the martian gully beds are cohesive or not, so exact scaling 337 cannot be applied. Instead, to provide an indication of how gravity scaling affects the data in 338 Our earlier study (Conway et al., 2011a) showed that some martian gullies qualitatively 345 resembled terrestrial debris flows in terrain analysis data, and that this was not due to crater-346 wall topography producing spurious debris-flow like results. For the first time, our new 347 analysis demonstrates quantitatively that, when using terrain parameters that best separate 348 granular flow landforms from fluvial or debris flow landforms, martian gullies overlap the 349 parameter space for both debris flow and fluvial gullies on Earth (Fig. 3) To check the method, we also examined martian slopes without gullies, to confirm 363 that these fall within the domain of dry processes. We found that non-gullied terrain within 364 influence on the two-dimensional long profiles of martian gullies. Our analysis shows that, 369 when considered in three dimensions, the shape is dominated by the active process. 370
The spread of the terrestrial data in Fig. 3 which has similar mechanical behavior to erosion. Although the substrates in the three sites 387
are not strictly analogous, we feel that by choosing a wide variety of sites we have captured 388 enough of the variability of the substrate (i.e., a wide range of cohesion and erodibility) in 389 order to consider substrate as a secondary factor compared to the more dominant effect of 390 process. 391
The even larger spread of the martian gully data in Fig. 3 the principle effect of boiling and freezing is to change the infiltration rate an effect that can 409 be mimicked by changing the properties of the substrate. Therefore we expect that the 410 potential effect of metastability on water on Mars would introduce a variability of the same or 411 lesser magnitude than that of substrate type, which is discussed above. 412
We discussed briefly in the introduction the possibility that gullies on Mars can be 413 modified, or even formed by CO 2 sublimation driven processes. We consider that dry 414 granular flow is the most analogous of our sampled processes to a putative CO 2 sublimation 415 driven process, because without special circumstances (a confining lid, or inclusion of a large 416 portion of mobile solid CO 2 within the flow) flow triggered by CO 2 sublimation would 417 rapidly loose its pore pressure through gas escape and therefore convert into a non-fluidized 418 dry granular flow. Pyroclastic flows on Earth have been cited to be possible analogues for 419 CO 2 sublimation driven flows (Pilorget and Forget, 2016 ), yet the energy involved in such 420 flows can be in excess of 10 8 Wm -2 (Smil, 2008) , tiny in comparison to insolation on Mars 421
(the driver of CO 2 sublimation) which can usually generate < 700 Wm -2 even with the most 422 optimal combination of slope, orientation and orbital parameters (Lewis et al., 1999) . Cedillo-423 . 426 Pilorget and Forget (2016) 2 slab ice, 427 was optimized for gullies found on sand dunes, but they inferred using analogy to pyroclastic 428 density currents that larger material could be mobilized. Without further modelling, or 429 experimental work to clarify the exact physical transport mechanism involved in CO 2 430 sublimation driven flows, a detailed discussion would remain highly speculative. However, 431
given the current state of knowledge, we feel that taking dry granular flows as an analogy to 432 putative Mars CO 2 -driven flows is reasonable. Using this analogy, our work therefore implies 433 that CO 2 sublimation driven flows are a secondary process influencing the morphology of the 434 non-sand dune martian gullies studied here, and could be a factor in introducing scatter into 435 the data in 
